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Introduction {#sec001}
============

The differentiation of lung vSMCs along the longitudinal axis from the hilum of the lung to the most peripheral vessels during development is tightly regulated for proper formation and maturation of vessel walls. While most vSMCs of distal vessels are differentiated from surrounding mesenchymal cells in a process of vasculogenesis, the origin of proximal vSMCs might be more complex and include the contribution of airway SMCs\[[@pgen.1005238.ref001]--[@pgen.1005238.ref003]\]. In general, vSMCs of proximal vessels are more differentiated than those of distal vasculature during development. In human and other animal models examined, distal lung vSMCs adopt an immature/synthetic phenotype associated with active proliferation, migration and ECM production during embryonic and early postnatal development \[[@pgen.1005238.ref003],[@pgen.1005238.ref004]\]. They then gradually switch to a mature/contractile phenotype with a significant upregulation of contractile and cytoskeletal proteins, together with the diminished proliferation and reduced ECM production \[[@pgen.1005238.ref003]--[@pgen.1005238.ref005]\].

Understanding mechanisms of lung vSMC differentiation is highly relevant, since aberrant vSMC proliferation and differentiation have been implicated in the pathogenesis of lung vascular diseases, such as pulmonary arterial hypertension (PAH), a progressive and fatal disease without effective treatment\[[@pgen.1005238.ref006]--[@pgen.1005238.ref009]\]. vSMCs from different organs or structures share core regulatory networks for their proliferation and differentiation. Results from extensive studies have shown that key transcriptional regulators including serum response factor (Srf), myocardin (Myocd), myocardin-related transcription factors (Mrtfs) and members of krüppel-like transcription factor (Klf4/Klf5), play instrumental roles in the proliferation and differentiation of vSMCs \[[@pgen.1005238.ref002],[@pgen.1005238.ref010],[@pgen.1005238.ref011]\]. vSMC proliferation and differentiation is also significantly influenced by the activity of PDGF signaling \[[@pgen.1005238.ref012],[@pgen.1005238.ref013]\]. Pulmonary vSMCs carrying mutation of *bone morphogenetic protein type-2 receptor* (*BMPR2*), which accounts for 70% of the heritable form of PAH, also predisposes vSMC to switch to a more synthetic phenotype, resulting in reduced expression of contractile proteins and increased proliferation and migration\[[@pgen.1005238.ref014]--[@pgen.1005238.ref016]\]. vSMC phenotype is also influenced by distinct local environmental signal and gene network during development. vSMCs of different vessels differ in their expression of ion channels, hormone receptors and components of signaling pathways. Despite these insights, still little is known regarding the mechanisms regulating lung vSMC differentiation during development.

miRNAs are small non-coding RNAs important for posttranscriptional regulation of gene expression \[[@pgen.1005238.ref017]\]. Examination of systemic vessels, such as the aorta, showed the critical roles of miRNAs in vSMC differentiation and vessel wall development \[[@pgen.1005238.ref018]--[@pgen.1005238.ref020]\]. However, little is known about miRNAs in pulmonary vSMC differentiation. Here, we report a vessel specific role of miR-29 in promoting the differentiation of vSMC during mouse lung development. We found that miR-29 family members are abundantly, selectively and dynamically expressed during mouse and human lung development. We showed that miR-29 promotes vSMCs differentiation by targeting Klf4, the PDGF pathway and ECM-related synthetic markers. Moreover, disruption of miR-29 leads to significant upregulation of Foxo3a/Fbxo32, a pathway well known for skeletal muscle wasting, which might lead to excessive degradation of important smooth muscle cell proteins.

Results {#sec002}
=======

Expression of miR-29 in vasculature of mouse lungs {#sec003}
--------------------------------------------------

To characterize the genome-wide expression profile of miRNAs, we sequenced small RNA (\>40nt) samples isolated from lungs in different developmental stages or adult mice using Next Generation of Sequencing (NGS) (ABI, SOLiD system). This profiling revealed that miR-29 family members (miR-29a/b/c) transcribed from two genomic loci, *miR-29a/b1* and *miR-29b2/c*, are the most abundant miRNAs in adult mouse lungs ([Fig 1A](#pgen.1005238.g001){ref-type="fig"}). The total number of reads for miR-29a/b/c is 190,767 per million, representing about 19% of total known miRNAs of adult lungs.

![Expression of miR-29 in mouse lungs.\
**(A)** miR-29 family members are the most abundant miRNAs in adult mouse lungs, representing about 19% of total reads of known miRNAs (Next Generation of Sequencing). **(B)** High levels of miR-29 ISH signal (purple, miR-29c probe, miR-29a or miR-29b probes revealed the same pattern) are associated with vasculature (green arrows), miR-29 in SMCs underneath airway epithelium is much lower (red arrow). **(C)** Enlarged image of outlined area of **B**. **(D)** miR-29 ISH signal (purple) co-localizes with α-SMA IF signal (red) in vessel walls of distal lungs. **(E)** High levels of miR-29 (purple) in α-SMA positive cells (green) of vessel walls of E18.5 lungs. **(F)** Levels of miR-29a/b/c in isolated SMCs or endothelial cells (CD31 positive) of adult lungs are significantly higher than those of CD34 positive or Type I epithelial cells (T1α-GFP positive)(P\<0.05, Student's *t* test). Relative levels were calculated by comparing with levels of miR-29a/b/c in CD34 positive cells (n = 3); Data are mean ± SEM.](pgen.1005238.g001){#pgen.1005238.g001}

To examine the expression pattern, we performed in situ hybridization (ISH) for miR-29 using DIG-labeled LNA probes. The strongest ISH signal of miR-29 in adult mouse lungs was detected in distal vascular structures ([Fig 1B and 1C](#pgen.1005238.g001){ref-type="fig"}). By co-staining with α-SMA, we found that miR-29 ISH signal co-localizes with α-SMA within vessel walls suggesting an enriched expression in vSMCs ([Fig 1D](#pgen.1005238.g001){ref-type="fig"}). In embryonic day 18.5 (E18.5) lungs, in which α-SMA positive cells are found in limited numbers of distal vessels with relatively thick walls, a typical morphological feature before extrauterine adaptation; high levels of miR-29 were also selectively detected in α-SMA positive cells of these vessel walls ([Fig 1E](#pgen.1005238.g001){ref-type="fig"}). Interestingly, levels of miR-29 in the media layer of large arteries, such as the dorsal aorta, where vSMCs reside, are much lower ([S1A and S1B Fig](#pgen.1005238.s001){ref-type="supplementary-material"}). Moreover, levels of miR-29 in airway SMCs is also much lower than those present in the distal vascular structure ([Fig 1B and 1C](#pgen.1005238.g001){ref-type="fig"}). To further examine miR-29 expression in SMCs, we sorted and collected SMCs (α-SMA-EGFP transgenic mice) or type I epithelial cells (T1α-EGFP transgenic mice, gift from Dr. Maria Ramirez, Boston University Medical Center) or hematopoietic cells (live cell staining of CD34) or endothelial cells (live cell CD31 staining) from adult mouse lungs\[[@pgen.1005238.ref021]\]. By qRT-PCR, we found that levels of miR-29a/b/c in α-SMA-EGFP positive cells are the highest, with four to fourteen folds higher than those of CD34 positive cells ([Fig 1F](#pgen.1005238.g001){ref-type="fig"}). Significant levels of miR-29a/b/c are also detected in endothelial cells (CD31 positive) ([Fig 1F](#pgen.1005238.g001){ref-type="fig"}). We then examined whether this vessel specific pattern is also present in human lungs, and found that high levels of miR-29 is selectively detected in vSMCs of small arteries including pulmonary arteries, but not in the vSMCs (media layer) of large pulmonary arteries ([Fig 2A, 2B and 2C](#pgen.1005238.g002){ref-type="fig"}). In distal small arteries, miR-29 specifically co-localizes with α-SMA staining ([Fig 2D, 2E and 2F](#pgen.1005238.g002){ref-type="fig"}). Together our ISH analysis revealed a vessel specific expression of miR-29 in vSMCs in both human and mouse lungs, suggesting a conserved expression pattern in vSMCs of distal vessels including those of distal pulmonary arteries.

![Expression of miR-29 in human lung vasculature.\
**(A, B&C)** High miR-29c ISH signal (purple) co-localizes with α-SMA IF staining signal (red) of small vessels (black arrow), while the level of miR-29c in vSMCs (media layer) of nearby large pulmonary arteries (highlighted area by dashed lines) is much lower. **(D, E&F)** miR-29 is also highly expressed in vSMCs of distal pulmonary artery, where it co-localizes with α-SMA IF staining signal (black arrow). Scale bar: 50μM.](pgen.1005238.g002){#pgen.1005238.g002}

Disruption of miR-29 expression *in vivo* results in aberrant vSMC differentiation {#sec004}
----------------------------------------------------------------------------------

Since expression of miR-29 family members (miR-29a/b/c) transcribed from both loci are enriched in vSMCs ([Fig 1F](#pgen.1005238.g001){ref-type="fig"}), we decided to investigate the role of miR-29 *in vivo* by generating mutant mice in which both loci were deleted (double knockout or miR-29 null mice). Double knockout mice (DKO) were born with a normal Mendelian ratio and there is no obvious developmental abnormality at birth, as compared to their littermates. However, we observed a significant postnatal growth retardation, and miR-29 DKO are consistently smaller with about 25%, 40% and 50% reduction of body weight at ages of two, three and four weeks, respectively ([Fig 3B and 3C](#pgen.1005238.g003){ref-type="fig"}). miR-29 null mice began to die around 4 weeks of age and none of them survived to the age of 6 weeks ([Fig 3D](#pgen.1005238.g003){ref-type="fig"}).

![Postnatal growth retardation and lethality of miR-29 null mice.\
**(A)** Expression of miR-29a/b/c is undetectable in lungs of miR-29 DKO mice (n = 3). **(B)** miR-29 null mice are significantly smaller as compared to their littermates two weeks after birth (n = 5). **(C)** Representative image of miR-29 null mice at age four weeks. **(D)** Survival cure of miR-29 null mice (n = 15 for DKO and n = 19 for WT). All miR-29 null mice die within 6 weeks of birth, while none of wild type littermates died in the same period. Data are mean ± SEM; Student's *t* test, \* P\<0.05; \*\* P\<0.01.](pgen.1005238.g003){#pgen.1005238.g003}

Examination of the lungs of miR-29 DKO mice at age four weeks revealed significant defect in differentiation of vSMCs. First, we examined whether targets of miR-29 are derepressed in DKO lungs by staining COL1A1, a well-known target of miR-29 \[[@pgen.1005238.ref022],[@pgen.1005238.ref023]\]. As expected, and consistent with miR-29 expression pattern, we found that the prominent upregulation of COL1A1 is associated with distal vessel walls of miR-29 null lungs ([Fig 4A--4D](#pgen.1005238.g004){ref-type="fig"}). No significant upregulation of COL1A1 in the media layer of the aorta walls and in airway SMCs was detected ([S1C and S1D Fig](#pgen.1005238.s001){ref-type="supplementary-material"}, [S2A and S2B Fig](#pgen.1005238.s002){ref-type="supplementary-material"}). We then performed double immunofluorescence staining (IF) of α-SMA and COL1A1, and found that levels of α-SMA within vessel walls of distal vessels are significantly reduced, where COL1A1 staining is increased ([Fig 5A and 5B](#pgen.1005238.g005){ref-type="fig"}). In contrast, levels of α-SMA in airway SMCs or within the media layer of the aorta are not significantly affected ([S1E and S1F Fig](#pgen.1005238.s001){ref-type="supplementary-material"}, [S2C and S2D Fig](#pgen.1005238.s002){ref-type="supplementary-material"}). We then performed immunoblotting analysis of the whole lung protein extract, and observed a significant reduction of levels of α-SMA, Myocardin (MYOCD), Transgelin (TAGLN) and Myosin, heavy chain 11 (MYH11), additional contractile markers of SMCs ([Fig 5C and 5D](#pgen.1005238.g005){ref-type="fig"}). These findings suggest that miR-29 is specifically required for the proper differentiation of vSMCs of distal lung vasculature during development.

![Upregulation of COL1A1 in distal vasculature of miR-29 DKO lungs.\
**(A&B)** Increased COL1A1 IHC signal is prominently associated with vessel walls, where endogenous miR-29 expression is highly expressed. **(C&D)** are enlarged images of highlighted areas of **A&B** by dashed line. All images are representative of four pairs of littermate-matched WT/DKO mice.](pgen.1005238.g004){#pgen.1005238.g004}

![Disruption of miR-29 expression *in vivo* leads to aberrant vSMC differentiation.\
**(A&B)** Double IF staining of α-SMA and COL1A1; significantly reduced α-SMA staining (green) in distal vasculature was observed in miR-29 null lungs (DKO) as compared to wild type littermate controls (WT). This reduced expression of α-SMA is associated with upregulation of COL1A1(red), a known direct target of miR-29. Images are representative of four pairs of littermate-matched WT/DKO. **(C)** Immunoblotting analysis of α-SMA, MYOCD, TAGLN and MYH11 of whole lung protein extracts of three littermate-matched WT/DKO pairs. **(D)** Densitometric analyses of the blots are presented as relative ratios of specific protein/GAPDH. Ratio of the WT control is arbitrarily presented as 1. Data are mean ±SEM from 3 experiments.](pgen.1005238.g005){#pgen.1005238.g005}

Endogenous miR-29 is required for proper SMC differentiation *in vitro* {#sec005}
-----------------------------------------------------------------------

Since both miR-29 loci were systemically deleted in DKO mice, the observed vSMC phenotype may results of secondary or accumulated causes. Due to the difficulty in isolation and culture of mouse lung SMCs, and also based on the selectively enriched expression of miR-29 in vSMCs of human lungs, we decided to investigate the role of miR-29 in human pulmonary arterial smooth muscle cells (PASMCs). We first manipulated miR-29 levels in PASMCs by transfecting with miR-29 mimic or LNA antisense oligos. We found that knocking down levels of endogenous miR-29 resulted in about 25--50% reduction of both α-SMA and calponin1 (CNN1), while increased miR-29 levels resulted in about a two fold upregulation of α-SMA and CNN1 in PASMCs ([Fig 6A](#pgen.1005238.g006){ref-type="fig"}). This strongly suggests that endogenous miR-29 promotes the expression of vSMC contractile markers.

![miR-29 promotes the expression of contractile SMC markers.\
**(A)** qRT-PCR results of α-SMA and CNN1 mRNAs in PASMCs in which the level of miR-29 is either elevated by miR-29 mimic or knocked down by miR-29 antisense LNA oligos (n = 3); **(B)** mRNA levels of contractile SMC markers in IMR-90 cells, in which miR-29 is knocked down (n = 3, Affymetrix array data); **(C)** Levels of α-SMA protein in IMR-90 cells, in which endogenous miR-29 is knocked down. Densitometric analyses of the blot are presented as relative ratios of α-SMA /GAPDH. Ratio of the control is arbitrarily presented as 1. Fold changes of ratio are indicated beneath the corresponding bands. Data are mean ± SEM; Student's *t* test, \* P\<0.05; \*\* P\<0.01.](pgen.1005238.g006){#pgen.1005238.g006}

Previously, we have carried out Affymeritx array profiling for downstream genes of miR-29 in human fetal lung fibroblast cells (IMR-90) \[[@pgen.1005238.ref023]\]. IMR-90 are myofibroblast cells that highly express many SMC markers including α-SMA and TAGLN\[[@pgen.1005238.ref024]\]. We then examined the expression of SMC-related genes in this array data. This analysis revealed that knockdown of endogenous miR-29 results in 20--35% reduction of about 15 smooth muscle- and actin cytoskeleton-related genes including well-known SMC markers (all p\<0.05), such as CNN1, CNN3 (calponin3), ACTG2 (actin, gamma 2, smooth muscle, enteric), ACTA2 (α-SMA), SMTN (smoothelin), TAGLN, as well as MYOCD, a master regulator of SMC gene expression ([Fig 6B](#pgen.1005238.g006){ref-type="fig"} and [S1 Table](#pgen.1005238.s006){ref-type="supplementary-material"}). In addition, Western Blot analysis showed a more than 60% reduction in α-SMA protein in miR-29 knockdown cells ([Fig 6C](#pgen.1005238.g006){ref-type="fig"}).

KLF4 is a direct target of miR-29 in SMCs {#sec006}
-----------------------------------------

Our next inquiry was to determine how miR-29 up-regulates the expression of SMC-related genes. In general, miRNAs are negative regulators of their targets, therefore, we hypothesized that miR-29 indirectly upregulates the expression of SMC-related genes by targeting a negative regulator of SMC differentiation. We first turned to our array data of IMR-90 cells, in which endogenous miR-29 was knocked down. We found that the level of KLF4, a known negative regulator of SMC differentiation, is significantly increased (more than 40%, P\<0.01) in miR-29 knockdown cells ([Fig 7A](#pgen.1005238.g007){ref-type="fig"}). KLF4 negatively regulates the expression of smooth muscle related genes by interfering with the binding of SRF to their promoters\[[@pgen.1005238.ref010],[@pgen.1005238.ref025]\]. We then investigated whether KLF4 is under the control of miR-29 in PASMCs, and found that over-expression of miR-29 with its mimic resulted in a two fold reduction of KLF4 mRNA, while knockdown of miR-29 resulted in about a two fold upregulation of KLF4 expression in PASMCs ([Fig 7B](#pgen.1005238.g007){ref-type="fig"}). Together, results from these two cell lines suggest that expression of KLF4 is under the control of miR-29.

![miR-29 regulates KLF4.\
**(A&B)** Knockdown of miR-29 in IMR-90 cells or PASMCs leads to upregulation of KLF4 expression (n = 3); increased miR-29 levels by mimic in PASMCs suppress the expression of KLF4 (n = 3); **(C)** miR-29 suppresses 3'UTR luciferase reporter of KLF4 which depends on an intact miR-29 binding site (n = 3); **(D)** Knockdown of KLF4 in PASMCs, in which miR-29 is also knocked down, restore the expression of CNN1 and α-SMA (n = 3). Data are mean ± SEM; Student's *t* test, \* P\<0.05; \*\* P\<0.01.](pgen.1005238.g007){#pgen.1005238.g007}

We then investigated whether miR-29 directly target KLF4 to exert its effects on SMC gene expression. Interestingly, KLF4 is a predicted target of miR-29 (TargetScan) and the binding site of miR-29 within 3'UTR of KLF4 is evolutionarily conserved among all species of vertebrates (total 22 species, TargetScan). To determine whether KLF4 is a direct target of miR-29, we conducted a 3'UTR luciferase assay. A fragment of the 3'UTR of KLF4 containing the wild type or mutated miR-29 binding sites was cloned into the psiCHECK2 dual luciferase reporter plasmid. Luciferase reporters were co-transfected with miR-29 mimic or miR-365 mimic, an unrelated miRNA as negative control. Luciferase reporter analysis revealed that the activity of reporter containing wild type 3'UTR of KLF4 was significantly suppressed (about 40% reduction) by miR-29, but not by miR-365 ([Fig 7C](#pgen.1005238.g007){ref-type="fig"}). This suppression was abolished by mutating the miR-29 complementary binding site in KLF4 3'UTR([Fig 7C](#pgen.1005238.g007){ref-type="fig"}). This confirmed that KLF4 is a direct target of miR-29.

Suppression of KLF4 rescues the defective SMC phenotype of miR-29 knockdown cells {#sec007}
---------------------------------------------------------------------------------

We then examined whether reduction of KLF4 by siRNA can rescue defects in the expression of contractile markers of miR-29 knockdown cells. To do this, we repeated the experiment, in which miR-29 was knocked down alone in PASMCs. As expected, knockdown of miR-29 alone results in more than a two fold upregulation of KLF4 and significantly reduced expression of α-SMA and CNN1 ([Fig 7D](#pgen.1005238.g007){ref-type="fig"}). Then, we examined whether reduction of KLF4 by siRNA can restore the expression of α-SMA and CNN1 in miR-29 knockdown PAMSCs. This analysis showed that upregulation of KLF4 by miR-29 knockdown is reversed by co-transfection of KLF4 siRNA, which leads to even lower KLF4 levels, as compared to cells of miR-29 knockdown alone. Furthermore, levels of α-SMA and CNN1 are no longer reduced when KLF4 is reduced by siRNA ([Fig 7D](#pgen.1005238.g007){ref-type="fig"}). Instead, mRNA levels of both CNN1 and α-SMA in these cells are 30--70% higher than those of cells with miR-29 knockdown alone, negatively correlated with reduced KLF4 expression. This strongly suggests that derepression of KLF4 contributes to the negative regulation of SMC differentiation in miR-29 knockdown cells.

Disruption of miR-29 leads to upregulation of Klf4 expression in vSMCs *in vivo* {#sec008}
--------------------------------------------------------------------------------

We then investigated the expression of Klf4 in miR-29 null mouse lungs. By double immunofluorescence staining of KLF4 and α-SMA, we found significantly increased Klf4 staining in the nucleus of cells associated with distal vessel walls of miR-29 null lungs, inversely correlated with the reduced staining of α-SMA ([Fig 8A--8D](#pgen.1005238.g008){ref-type="fig"}). This upregulation of KLF4 expression is specific to distal muscular vessels, and levels of KLF4 in the media layer of aorta, and in airway smooth muscle cells remaining unchanged ([S1E and S1F Fig](#pgen.1005238.s001){ref-type="supplementary-material"}, [S2C and S2D Fig](#pgen.1005238.s002){ref-type="supplementary-material"}). By qRT-PCR, we detected a two fold increase in Klf4 mRNA in miR-29 null lungs, as compared to those of littermate controls ([Fig 8E](#pgen.1005238.g008){ref-type="fig"}). This was further confirmed by western blot analysis ([Fig 8F and 8G](#pgen.1005238.g008){ref-type="fig"}), in which protein levels of KLF4 of miR-29 null lungs are significantly higher than those of control littermates. Together, these results for the first time showed that KLF4 is a physiological target of miR-29 *in vivo*, and increased KLF4 in distal vSMCs of miR-29 null lungs likely contribute to the immature vSMC phenotype.

![Upregulation of KLF4 in miR-29 null lungs.\
**(A&B)** Double IF staining of KLF4 and α-SMA; reduced vasculature α-SMA staining (green) is associated with increased KLF4 staining in the nucleus of cells associated with vessel walls (white arrowheads in **D**). **(C&D)** are enlarged images of highlighted areas of **A&B**. Images are representative of four littermate-matched WT/DKO pairs. **(E)** Levels of Klf4 mRNA in lungs of wild type and DKO mice (n = 3). **(F)** Western blot of KLF4 of whole lung protein extracts from three pairs of littermate-matched WT and DKO mice. **(G)** Densitometric analyses of the blot are presented as relative ratios of KLF4 /GAPDH. Ratio of WT lungs is arbitrarily presented as 1. Data are mean ± SEM; Student's *t* test, \*\* P\<0.01.](pgen.1005238.g008){#pgen.1005238.g008}

Disruption of miR-29 leads to upregulation of components of the PDGF pathway {#sec009}
----------------------------------------------------------------------------

Another major negative regulator of SMC differentiation is PDGFB\[[@pgen.1005238.ref026],[@pgen.1005238.ref027]\]. In cultured SMCs *in vitro*, PDGFB can induce a profound phenotype switch by suppressing the expression of SMC specific genes at both the transcriptional and posttranscriptional levels mainly via PDGFRB\[[@pgen.1005238.ref026],[@pgen.1005238.ref028]\]. Interestingly, results from different cell types showed a potential reciprocal negative feedback loop of miR-29 and components of the PGDF pathway. While expression of miR-29 is suppressed by treatment of PDGFB, miR-29 is known to directly target the expression of components of the PDGF pathway, such as PDGFRB[\[]{.smallcaps} [@pgen.1005238.ref029] [--]{.smallcaps} [@pgen.1005238.ref031] [\]]{.smallcaps}. Most recently, it has been shown in a vascular injury model that upregulation of miR-29 suppresses the expression of PDGFRB in modulating SMC phenotype [\[]{.smallcaps} [@pgen.1005238.ref032] [\]]{.smallcaps}. To ask whether the PDGF pathway is under the control of miR-29 in vSMCs, we first examined their expression in our array data of miR-29 knockdown IMR-90 cells. Interestingly, knockdown of miR-29 leads to significant upregulation of all PDGF ligands and receptors (15%-30% upregulation, p\<0.05), except for PDGFB ([Fig 9A](#pgen.1005238.g009){ref-type="fig"}). This likely leads to increased PDGF signaling activity. We then performed qRT-PCR to examine the levels of Pdgfrb in miR-29 null or wild type lungs. We found that the level of Pdgfrb is significantly upregulated in miR-29 null lungs ([Fig 9B](#pgen.1005238.g009){ref-type="fig"}). To examine the levels of PDGFRB in distal vessel wall of miR-29 null lungs, we performed co-immunofluorescence staining of α-SMA and PDGFRB. This analysis revealed much higher PDGFRB staining in distal vessel walls of miR-29 null lungs, negatively correlated with reduced signal of α-SMA staining ([Fig 9C--9F](#pgen.1005238.g009){ref-type="fig"}). Together, our results suggested that miR-29 suppresses the PDGF pathway in promoting vSMC differentiation during lung development *in vivo*.

![Upregulation of components of PDGF pathway in both miR-29 knockdown cells and miR-29 null lungs.\
**(A)** Affymetrix array data of components of PDGF signaling pathway in miR-29 knockdown cells (n = 3). **(B)** qRT-PCR of Pdgfrb mRNA in lungs of wild type and DKO mice (n = 3). **(C&D)** Double IF staining of PDGFRB (red) and α-SMA (green) in WT control and miR-29 DKO lungs. **(E&F)** are enlarged images of areas highlighted by white dashed lines of **C** and **D**. Reduced vasculature α-SMA staining (green) is associated with increased PDGFRB staining (white arrowheads) in cells associated with vessel walls in DKO lungs (**D&F**). Images are representative of four littermate-matched WT/DKO pairs. Data are mean ± SEM; Student's *t* test, \* P\<0.05.](pgen.1005238.g009){#pgen.1005238.g009}

Levels of Foxo3a and Fbxo32 are significantly upregulated in miR-29 deficient cells {#sec010}
-----------------------------------------------------------------------------------

One of the most upregulated genes in miR-29 knockdown human lung myofibroblast cells is FBXO32 (Atrogin-1), together with its activator FOXO3a ([Fig 10A](#pgen.1005238.g010){ref-type="fig"}). FBXO32 is a muscle-specific ubiquitin ligase, well known for its role in muscle wasting of skeletal muscle and in the inhibition of hypertrophy of cardiac myocytes\[[@pgen.1005238.ref033]\]. Expression of FBXO32 is enriched in skeletal, cardiac, and smooth muscle\[[@pgen.1005238.ref034]\]. FOXO3a/FBXO32 has been shown to be involved in the direct degradation of the BK (Big Potassium) channel β1 subunit in diabetic mice or diabetic human vascular smooth muscle cells, a key subunit of Ca2+-activated K+ (BK) channels which is important for proper vascular function\[[@pgen.1005238.ref035]--[@pgen.1005238.ref037]\]. FBXO32 is expressed in uterine smooth muscle cells and its level is drastically upregulated in association with involution. FOXO3a is known to play a role in the vascular smooth muscle cell proliferation and apoptosis down stream of the PI3K-AKT pathway\[[@pgen.1005238.ref038]--[@pgen.1005238.ref040]\]. Together, this suggests a role for FOXO3a/FBXO32 in smooth muscle cells. We first performed qRT-PCR for Foxo3a and Fbxo32, and found that both of them are significantly upregulated in miR-29 null lungs, as compared to littermate controls ([Fig 10B](#pgen.1005238.g010){ref-type="fig"}). We then performed co-immunofluorescence staining of α-SMA with FBXO32, and found that levels of FBXO32 are drastically upregulated specifically in the distal vessel walls of miR-29 null lungs, negatively correlated with the reduced α-SMA staining ([Fig 10C--10F](#pgen.1005238.g010){ref-type="fig"}). This upregulation of FBXO32 is not presented in SMCs of airway and large proximal vessels, consistent with the expression pattern of miR-29 ([S4A and S4B Fig](#pgen.1005238.s004){ref-type="supplementary-material"}). Since there is no predicted miR-29 binding site in the 3'UTR of FBXO32 mRNA, it is likely that miR-29 indirectly suppresses the expression of FBXO32 by targeting Foxo3a, which is also upregulated in miR-29 knockdown cells. A evolutionarily conserved miR-29 binding site is present in the 3'UTR of Foxo3a (Targetscan). While we were working on this project, it was reported that Foxo3a is a direct target of miR-29 during chondrogenic differentiation\[[@pgen.1005238.ref041]\]. Together, our results identified that FBXO32 is a novel downstream gene of miR-29, suggesting miR-29 might regulate smooth muscle protein degradation by modulating the expression of Foxo3a/Fbxo32.

![Upregulation of Foxo3a and Fbxo32 in both miR-29 knockdown cells and miR-29 null lungs.\
**(A)** Affymetrix array data of Foxo3a and Fbxo32 in miR-29 knockdown cells (n = 3). **(B)** qRT-PCR of Foxo3a and Fbxo32 mRNAs in lungs of wild type and DKO mice (n = 3). **(C&D)** Double IF staining of FBXO32 (red) and α-SMA (green) in WT control and miR-29 DKO lungs. **(E&F)** are enlarged images of areas highlighted by white dashed lines of **C** and **D**. Reduced vasculature α-SMA staining (green) is associated with increased FBXO32 staining (white arrowheads) in cells associated with vessel walls in DKO lungs (**D&F**). Images are representative of four littermate-matched WT/DKO pairs. Data are mean ± SEM; Student's *t* test, \* P\<0.05.](pgen.1005238.g010){#pgen.1005238.g010}

Discussion {#sec011}
==========

miR-29 is known for its roles in fibrosis, cell proliferation/apoptosis, tumor and adaptive and innate immunity \[[@pgen.1005238.ref042]--[@pgen.1005238.ref054]\]. However, little is known regarding the expression and function of miR-29 during development *in vivo*. Here, we report that miR-29 is required for postnatal growth and development. In distal lung vSMCs, miR-29 promotes the differentiation of vSMCs by targeting Klf4 and the PDGF pathway, two major negative regulators of vSMC maturation. Moreover, our work also suggests a novel role of miR-29 in regulating the expression of Foxo3a/Fbxo32 in distal vSMCs.

The postnatal growth retardation and lethality are coincident with the drastic upregulation of miR-29 expression in multiple organs during postnatal development. These include aorta \[[@pgen.1005238.ref055]\], skeletal muscle\[[@pgen.1005238.ref056]\], epididymis\[[@pgen.1005238.ref057]\], lung\[[@pgen.1005238.ref023]\], brain\[[@pgen.1005238.ref058]\] and cornea\[[@pgen.1005238.ref059]\]. However, the exact cause of this phenotype is unclear. Due to the nature of systemic knockout of miR-29 in animals examined in this study, and diverse functions of miR-29 in different cell types and organs, failure of multi-organs might contribute to the growth retardation and lethality. Most of these miR-29 null mice develop a hunchback, indicating weakness of the skeletal muscles. It has been showed that down-regulation of miR-29 is associated with dystrophic muscles\[[@pgen.1005238.ref054],[@pgen.1005238.ref060]\] and restoration of miR-29 expression improved dystrophy pathology\[[@pgen.1005238.ref060]\]. This might be due to the upregulation of Foxo3/Fbxo32 in the skeletal muscle of miR-29 null mice, which requires careful examination. Another possibility is cardiac failure due to the abnormal distal lung vasculature. However, by examining the weight of hearts of miR-29 null and wild type littermates, there is no significant sign of heart failure. In fact, hearts of miR-29 null mice are about 34% smaller as compared to those of control, by normalizing to tibial length ([S5A and S5B Fig](#pgen.1005238.s005){ref-type="supplementary-material"}).

Expression of miR-29 in mouse lungs is abundant, selective and dynamic. Previously we showed that levels of miR-29 are significantly upregulated during embryonic and postnatal lung development that was confirmed by Next Generation of Sequencing and qRT-PCR \[[@pgen.1005238.ref023]\] ([S2 Table](#pgen.1005238.s007){ref-type="supplementary-material"} and [S3 Fig](#pgen.1005238.s003){ref-type="supplementary-material"}). In this study, we found that miR-29 expression is selectively enriched in vSMCs of distal vessels of mouse lungs, a pattern that is also conserved in human lungs. SMC-specific miRNAs have been identified, such as miR-143/145. The level of miR-145 is also abundant ([S2 Table](#pgen.1005238.s007){ref-type="supplementary-material"}) in adult mouse lungs. miR-143/145 are expressed in both airway SMCs and vSMCs \[[@pgen.1005238.ref061]\]. Unlike miR-29, there is little change in levels of miR-143/145 during embryonic and postnatal development ([S2 Table](#pgen.1005238.s007){ref-type="supplementary-material"}). The most drastic upregulation of miR-29 ([S2 Table](#pgen.1005238.s007){ref-type="supplementary-material"} and [S3 Fig](#pgen.1005238.s003){ref-type="supplementary-material"}, about 20--40 folds) happens during postnatal development, a period in which distal vSMCs gradually switch from synthetic to contractile phenotypes in human or animal lungs. This indicates a critical role of miR-29 in the postnatal vSMC maturation.

miRNAs are known to play critical roles in vSMC differentiation and contractile function. Deletion of *Dicer1* by *SM22α-Cre* or *SMMHC-CreERT2 in vivo* resulted in poorly differentiated vSMCs, leading to abnormal vessel wall and extensive hemorrhage \[[@pgen.1005238.ref018],[@pgen.1005238.ref019]\]. These findings were supported by similar vSMC defects in animals, in which *Drosha* or *DGCR8*, two key components of pri-miRNA processing, are specifically deleted \[[@pgen.1005238.ref062],[@pgen.1005238.ref063]\]. Together, these findings suggest critical roles of miRNAs for the differentiation of SMCs. miR-143/145 has been shown to play an important role in SMC development *in vivo* \[[@pgen.1005238.ref020],[@pgen.1005238.ref061],[@pgen.1005238.ref064]\]. However, the vSMC phenotype of miR-143/145 null mice is much milder as compared to those of *Dicer1* mutant\[[@pgen.1005238.ref019],[@pgen.1005238.ref020]\]. Major vSMCs defects of miR-143/145 null mice are disarray of actin stress fibers and diminished migratory activity of SMCs. There is no significant defect in the expression of contractile SMC markers in miR-143/145 null mice\[[@pgen.1005238.ref020],[@pgen.1005238.ref061]\]. Thus suggesting additional miRNAs must be required for proper differentiation of vSMCs *in vivo*. In this study, we found that the expression of contractile SMC markers is significantly attenuated in miR-29 null lungs, preferentially affecting vSMCs of distal pulmonary vasculature. In addition, we also found potent activity of miR-29 in promoting SMC differentiation *in vitro*. Together, these results suggested that miR-29 is part of the miRNA regulatory network in promoting SMC differentiation.

Our data suggested that miR-29 promotes SMC differentiation at least partially by suppressing KLF4 and components of the PDGF signaling pathway. In the course of our study, KLF4 proved to be the direct target of miR-29 in cancer cell lines \[[@pgen.1005238.ref065],[@pgen.1005238.ref066]\]. Here we showed that KLF4 is directly targeted by miR-29 in vSMCs and our data indicates that Klf4 is a physiological target of miR-29 *in vivo*. KLF4 is a potent negative regulator of SMC differentiation by interfering with the activity of SRF \[[@pgen.1005238.ref010],[@pgen.1005238.ref025]\]. KLF4 also suppresses the expression of MYOCD, an important transcriptional factor in promoting SMC differentiation \[[@pgen.1005238.ref025],[@pgen.1005238.ref067]\]. This is consistent with the decreased expression of MYOCD and a large number of SMC contractile markers in miR-29 knockdown cells and miR-29 null lungs ([Fig 5](#pgen.1005238.g005){ref-type="fig"} and [Fig 6](#pgen.1005238.g006){ref-type="fig"}). miR-29 also plays a critical role in regulating the PDGF pathway in multiple cell types \[[@pgen.1005238.ref029],[@pgen.1005238.ref032]\]. Moreover, it has been shown *in vitro* that MYOCD induces the expression of miR-24 and miR-29 and promotes SMC differentiation by suppressing PDGFRB \[[@pgen.1005238.ref032]\]. Indeed, in miR-29 knockdown IMR-90 cells, expression of all components of the PDGF pathway, except for PDGFB, is significantly upregulated ([Fig 9A](#pgen.1005238.g009){ref-type="fig"}). In this study, we also showed that Pdgfrb is a physiological target of miR-29 *in vivo* ([Fig 9B--9F](#pgen.1005238.g009){ref-type="fig"}). miR-29 also directly suppresses the expression of ECM-related genes associated with synthetic phenotypes, such as collagen \[[@pgen.1005238.ref022],[@pgen.1005238.ref023],[@pgen.1005238.ref068]\]. Together, our study showed that miR-29 is a central player in promoting SMC differentiation by suppressing the expression of KLF4, PDGFRB and ECM-related synthetic genes.

Both SMC-specific deletion of *Dicer1* and systemic miR-143/145 knockout compromise vascular contractile function and result in lower blood pressure\[[@pgen.1005238.ref018],[@pgen.1005238.ref020],[@pgen.1005238.ref064],[@pgen.1005238.ref069]\]. Moreover, miR-143/145 null mice are protected from hypoxia induced pulmonary hypertension\[[@pgen.1005238.ref069]\]. The early postnatal lethality and the small size of miR-29 DKO mice, prevent us from measuring blood pressure. We found that there is a significant reduction in heart weight, left ventricle weight and right ventricle weight when normalized to tibial length in miR-29 null mice ([S5B Fig](#pgen.1005238.s005){ref-type="supplementary-material"}). This indicates a reduction of heat size in miR-29 null mice. However, there is no significant difference between miR-29 null and control mice in heart weight when normalized to body weight ([S5C Fig](#pgen.1005238.s005){ref-type="supplementary-material"}). Together, these analyses suggest that defects in vSMC differentiation in miR-29 null lungs, might lead to the reduction in pulmonary arterial pressure. Distal pulmonary vSMCs are known to behave differently in response to hypoxia, one of the important environmental factors and common causes of pulmonary arterial hypertension. Moreover, it is known that populations of vSMCs adopt a dedifferentiated or immature phenotype with increased activities of proliferation, migration and ECM-production in the early stage of development of pulmonary arterial hypertension (PAH) \[[@pgen.1005238.ref003],[@pgen.1005238.ref005],[@pgen.1005238.ref070]--[@pgen.1005238.ref072]\]. However, PAH is characterized in general by the extension of vSMCs to distal arteries, increased vSMC mass and contractility. The immature/synthetic vSMC phenotype of distal lung vessels of miR-29 null mice indicates a potential dysregulation of miR-29 in the pathogenesis of PAH. Moreover, by targeting a large number of ECM-related genes, miR-29 plays a significant role in collagen vascular diseases that has been increasingly recognized as potential causes for the development of PAH. Together, these results suggest that it is highly relevant to examine the expression and function of miR-29 in vSMCs of pulmonary vascular diseases.

Materials and Methods {#sec012}
=====================

Generation of miR-29 knockout mice {#sec013}
----------------------------------

Targeting strategies and procedures of generation of both floxed *miR-29ab1* and floxed *miR-29b2c* mice have been described in detail by Smith KM et. al. \[[@pgen.1005238.ref053]\]. Germ line deletions for both alleles were achieved by breeding *miR-29ab1* ^flox/flox^ mice or *miR-29b2c* ^flox/flox^ mice to EIIa-cre mice. This allows establishing systemic knockout mice for *miR-29ab1* and *miR-29b2c* alleles. *miR-29ab1* ^+/-^; *miR-29b2c* ^+/-^ mice are viable and fertile, and were used to breed for generation of double knockout (miR-29 null) mice with mixed genetic background containing 129/SvJ and C57BL/6. The health condition of litters were monitored daily, and their body weight was measured once a week in the first 5 weeks. Sequences of primers used for genotyping and size of PCR products are: miR-29ab1-common-forward, 5'-TGTGTTGCTTTGCCTTTGAG-3', with miR-29ab1-WT-reverse, 5'-CCACCAAGAACACTGATTTCAA-3' (wild-type band, 450bp), or miR-29ab1-KO-reverse, 5'CGAATTCGCCAATGACAAGACGCT-3' (KO band, 550bp); miR-29b2c-common-forward, 5'-TGCTAGCCTACAGGGTCATGG-3', with miR-29b2c-WT-reverse, 5'-TGTCAGACGCAGATGACAGC-3' (wild-type band, 350bp), or miR-29b2c-KO-reverse, 5'CGAATTCGCCAATGACAAGACGCT-3' (KO band, 550bp).

Lung cell dissociation, cell sorting and flow cytometry {#sec014}
-------------------------------------------------------

Cell dissociation was achieved by digesting mouse lungs from transgenic mice of α-SMA-EGFP or T1a-EGFP with a commercially available Lung Digestion Kit (Miltenyi Biotech, Auburn, CA). Cells were further stained with anti-mouse CD34 (BD Biosciences) or CD31 antibodies (BD Pharmingen, San Diego, CA). Isotype antibodies were used as controls. SMCs (α-SMA-EGFP), or type I epithelial cells (T1a-EGFP) or hematopoietic cells (CD34 positive) or endothelial cells (CD31 positive) were collected using a MoFlo cell sorter (Beckman Coulter, Fullerton, CA).

Reagents and cell culture {#sec015}
-------------------------

Human fetal lung fibroblasts (IMR-90) and human pulmonary arterial smooth muscle cells (PASMCs) were cultured and transfected with miR-29 mimics, miR-29 LNA antisense or KLF4 siRNA as described \[[@pgen.1005238.ref023],[@pgen.1005238.ref073]\]. Cell culture was performed in a biological safety hood with sterile techniques employed. IMR-90s (cat. \#ATCC CCL-186) were cultured in DMEM media (Life Technologies) supplemented with 10% FBS, 100 units penicillin/100 mL and 100 μg streptomycin/100 mL. PASMCs (Lonza, CC-2581) were cultured in SMGM-2 media (Lonza, CC-3181 & CC-4149) supplemented with 5% FBS, 0.01% insulin, 0.02% gentamicin/amphotericin-B, 0.02% hFGF-B and 0.01% hEGF. All cells were maintained in a humidified 5% CO2, 95% air incubator at 37°C. Cells were passaged and split by first washing with PBS and then using trypsin/EDTA (Life Technologies) to dislodge cells. Cells were then resuspended and plated in fresh media. Lipofectamine 2000 (Life Technologies, Cat.\# 11668019) was used for all transfections according to the manufacturer's protocol. We selected hsa-miR-29c-3p miRCURY LNA microRNA inhibitor (product\#: 4105460--001, and sequence: CCGATTTCAAATGGTGCT) and miRCURY LNA microRNA inhibitor negative control (product\#: 199007--001, sequence: AGAGCTCCCTTCAATCCAA) for knockdown assay based on our published data that hsa-miR-29c LNA antisense (50nM) can efficiently reduce the endogenous levels of all three miR-29 family members. hsa-miR-29c-3p mimic (Dharmacon, cat.\# C300650-07) and microRNA Mimic Negative Control (Dharmacon, cat.\# CN-001000-01) were transfected at 5nM for upregulation of miR-29 in cultured cells. ON-TARGET plus SMARTpool human KLF4 siRNA (Thermo Scientific, Cat.\#9314) and negative control (ON-TARGET plus Non-targeting Pool, Cat.\# D-001810-10) were transfected at a concentration of 100nM for the knockdown of KLF4.

RNA isolation from cell culture and mouse lungs {#sec016}
-----------------------------------------------

Total RNA samples were isolated using TRIzol (Life Technologies, Cat.\# 15596). Briefly, cells were lysed directly in 6-well culture plates, by applying 1 mL of TRIzol to each well, and then transferred to Eppendorf tubes. Chloroform was applied for phase separation and the mixture was vortexed and centrifuged at 12,000 X g for 15 minutes at 4°C. The upper aqueous phase containing the RNA was transferred to fresh Eppendorf tubes. The RNA was precipitated with isopropyl alcohol, the mixture was incubated at room temperature (RT) for 10 minutes and centrifuged at 12,000 X g for 10 minutes at 4°C. Supernatant was then removed and the RNA pellet washed with 75% ethanol by vortexing and centrifuging at 12,000 X g for 5 minutes at 4°C. Supernatant was again removed and the pellet briefly dried. RNA was dissolved in DEPC water and concentration measured by NanoDrop. For dissected mouse lungs, 1mL TRIzol were used for homogenizing 50mg of lung tissue. This was followed by similar procedures described above.

Next-generation sequencing of small RNAs and data analysis {#sec017}
----------------------------------------------------------

SOLiD system (ABI) was selected for sequencing, because of its high capacity for small RNAs and the data was analyzed by using CLC Genomics Workbench (CLC Bio). The sequencing was carried out in the Molecular Genetics Core Facility of Children\'s Hospital (Harvard University, Boston). Lungs from different developmental stages or adult mice were dissected for total RNA isolation. For each developmental stage, total RNA samples from two independent embryonic or adult lungs were processed separately for small RNA sequencing. First, small RNAs (less than 40nt) from 10μg of total RNA samples were isolated using FlashPAGE Pre-Cast Gels (life technologies, Type A, Cat \#10010) and FlashPAGE Fractionator (Life Technologies). A range of 150ng to 300ng of small RNAs was isolated from total RNA samples. We then followed the standardized protocol of Small RNA Library Preparation for SOLiD Sequencing (ABI) to generate cDNA libraries. Briefly, small RNA samples were hybridized with Adaptor Mix with unique barcodes in reverse PCR primer for each cDNA library (SOLiD RNA Barcoding Kit, Module 1--16). This was followed by ligation of adaptors to the small RNA molecules using Ligation Enzyme Mix (ABI, SOLiD Small RNA Expression Kit). Next, the small RNA population with ligated adaptors was reverse transcribed to generate cDNA, followed by RNase H digestion to remove RNA from RNA/cDNA duplex. Then each cDNA library was amplified by PCR (16 cycles) using SOLiD 5' PCR primer and a 3' library-specific barcoded SOLiD primer. PCR amplified cDNAs were separated in 6% acrylamide gel stained with SYBR Gold (Invitrogen, Life Technologies) and PCR products with sizes of 105--150 bp were isolated, corresponding to sizes of small RNA inserts together with adaptor and primer. The resulting cDNA libraries were clonally amplified onto beads by emulsion PCR using the SOLiD ePCR Kit. Following the standard protocol provided by the manufacturer, libraries were deposited onto separated segments of a single slide and sequenced on the SOLiD Analyzer. Raw sequencing reads were analyzed by using the Genomic Workbench software platform (CLC Biosystems). First, sequences were sorted and grouped by specific barcodes for each cDNA library. The analysis generates about 10 to 12 million raw reads for each cDNA library. Then perfectly matched adaptor sequences were trimmed, while sequences without or with ambiguous adaptor sequences were discarded. After filtering for rRNA, tRNA, repeated sequences of mouse genome, the remaining reads were aligned to miRbase (Release 18) for known miRNAs. Reads with no more than two internal mismatches or no more than 3 mismatches at 3' were selected and counted for known miRNAs. Reads per million were calculated for individual miRNAs for each library which allowed us to compare their expression levels.

Quantitative qRT-PCR {#sec018}
--------------------

TaqMan MicroRNA Assays (Life Technologies) for mmu-miR-29a (Cat.\# 002112), mmu-miR-29b (Cat.\#002497) and mmu-miR-29c (Cat.\#001818) were used for qRT-PCR and U6 snRNA (Cat.\# 4427975) was selected for internal control and normalization. 10 ng of total RNA per sample was subjected to reverse transcription using the TaqMan MicroRNA Reverse Transcription Kit (Life Technologies Cat. \#4366596) and miRNA specific RT primers. TaqMan Universal PCR Master Mix and TaqMan microRNA Assays were used according to the manufacturer's instructions. The qRT-PCR was performed on a StepOne Real-Time PCR System (Life Technologies). Delta-delta Ct method was used to determine the level of each miRNA relative to the level of endogenous U6 snRNA. For mRNAs, 1 μg total RNA per sample was subjected to reverse transcription using the SuperScript III First-Strand Synthesis System (Life Technologies, Cat.\#18080) and oligo (dT) primer according to the manufacturer's instructions. TaqMan Gene Expression Assays (Life Technologies) for human KLF4 (Cat.\#Hs00358836_m1), mouse KLF4 (Cat.\#Mm00516104_m1), human ACTA2 (Cat.\#Hs00426835_g1), human CNN1 (Hs00154543_m1) were used for detection of mRNAs. Ribosomal protein L23 (RPL23, Cat. \# 4351372) was used for normalization. The relative level of specific mRNA to RPL23 control was calculated by following the delta delta CT method.

3' UTR luciferase assay {#sec019}
-----------------------

DNA fragments of the 3'UTR of Klf4 that host the predicted complementary binding site for miR-29 was amplified using genomic DNA from CD57BL/6 mice as a template by PCR (forward primer 5' GACCAGAATTCCCTTGAATT 3' and backward primer 5' AAGTCAGGTAATATACCTGG). These were then cloned downstream of the Renilla luciferase reporter gene in the psiCHECK2 dual luciferase reporter plasmid (Promega, Cat.\# C8021). Nested primers (forward: 5'CTAAATGATAATAATTGGTGAGTCTTGGTTCTA 3' and reverse: 5'GACTCACCAATTATTATCATTTAGGCTATTTAAA 3') were then used to mutate the binding site of miR-29 seed sequence by primer extension PCR. Human embryonic kidney (HEK) 293 cells were seeded in 96 well plates with DMEM (Life Technologies, Cat.\#11995) and co-transfected with 10ng of luciferase reporter plasmid together with either 5nM of hsa-miR-29c-3p mimic (Dharmacon, Cat.\#:C300650-07) or hsa-miR-365a-3p mimic (Dharmacon, Cat.\#: C300666-03) using Lipofectamine 2000 (Life Technologies, Cat.\# 11668019). miR-365a was selected as negative control, since there is no binding site of miR-365a in the cloned DNA fragment. Cells were lysed and luciferase activities were measured 48hrs after transfection, according to the manufacturer's instructions using the Dual-Glo Luciferase Assay System (Promega, Cat. \#E2920) and GloMax Multi-Detection System (Promega). Three independent experiments were performed and data was normalized to firefly luciferase activity expressed from the same psiCHECK-2 vector as an internal control.

Protein preparation and western blot {#sec020}
------------------------------------

Lane marker reducing sample buffer 5X (Life Technologies, Cat.\#39000) was diluted to 1.0X with RIPA buffer. Cells were washed 3 times in cold PBS and 200 μL 1X SDS sample buffer per well (6-well plate) applied to cells. A cell lifter (Corning Costar) was used to mix and lyse the cells, which were subsequently transferred to Eppendorf tubes. Sonicated for 10--15 seconds and then heated for five minutes at 95°C, cooled on ice for 2 minutes and finally centrifuged at 8,000 X g for 1 minute. For dissected lung tissues, 100mg of tissue was homogenized in 1mL of 1X RIPA buffer (cell Signaling Technologies, Cat.\#9806 with 1mM of PMSF freshly added before the experiment). Protein concentration was measured using BCA Protein Assay Kit (Cell Signaling Technology, Cat.\#7780). 20--60 μg of Proteins were resolved on Tris-Glycine SDS 10% polyacrylamide gels, transferred to PVDF membranes using the iBlot dry blotting system (Invitrogen), and blocked with 5% nonfat dairy milk in Tris-buffered saline (20mM Tris, 150 mM NaCl, pH 7.4) with 0.1% Tween-20. Primary antibodies were diluted in 5% non-fat milk/1X PBST, and membranes were incubated with an antibody overnight at 4°C. Membranes were then washed 3 times for 10 minutes each in TBST. Horseradish peroxidase (HRP) conjugated secondary antibodies (Life Technologies) were diluted in 5% non-fat milk/1X PBST (1:2000) and incubated for 1 hour at room temperature. Membranes were again washed three times in TBST and blots were developed using Pierce ECL Western Blotting Substrate (Life Technologies, Cat.\# 32209) or SuperSignal West Femto Maximum Sensitivity Substrate (Life Technologies, Cat.\# 34095AB). Chemiluminescence signals were detected using LAS 4000 (GE Health Care) and ImageQuant (GE Health Care) were used for quantification of signal intensity. Band intensities were normalized against corresponding GAPDH and compared to wild-type controls for relative level. Primary antibodies for proteins including α-SMA (Sigma, Cat.\#A2547, 1:2000), MYH11(Abcam, Cat.\#ab53219, 1:500), TAGLN (Abcam, Cat.\#ab10135, 1:500), KLF4 (Cell Signaling Technology, Cat.\#4038, 1:50), MYOCD (R & D Systems, Cat.\#MAB4028, 1:500) and GAPDH (R & D Systems, Cat.\#AF5718, 1:2000) were used.

Mouse lung dissection and embedding {#sec021}
-----------------------------------

To harvest adult lungs for analysis, perfusion was carried out to clear blood from the lungs by right atrium injection of 1 mL of PBS. Right lungs were cut for RNA or protein isolation, while left lung was intratracheally inflated with 4% paraformaldehyde, diluted from 16% of paraformaldehyde (VWR, Cat.\#100503) at a constant pressure of 30 cm H~2~O, and used for subsequent frozen and paraffin embedding and sectioning. For frozen sections, tissues were fixed in 4% paraformaldahyde overnight at 4°C and then washed in 1X PBS for 30 minutes at 4°C, followed by 10% sucrose in 1X PBS for 1 hour at 4°C, then 15% sucrose in 1X PBS for 1 hour at 4°C, then 20% sucrose in 1X PBS for 1 hour at 4°C, finally followed by rotation in a 1:1 ratio of 20% sucrose:OCT overnight at 4°C. Tissues were then embedded in a 1:3 ratio of 20% sucrose:OCT on dry ice and sectioned in 8--12 μM sections using Cryostat (Leica), followed by mounting on glass slides, air drying at RT 1--2 hours and sections were stored at -20°C. For paraffin sections, tissues were fixed in 4% paraformaldahyde overnight at 4°C and then washed in 1X PBS 3 times for 20 minutes each at 4°C; followed by rotation in 0.85% NaCl 3 times for 20 minutes each at 4°C; then rotation in a 1:1 ratio of 0.85%NaCl/100%EtOH for 1h at RT; and finally rotation in 70% EtOH overnight at 4°C. The tissues were then rotated in 85% EtOH for 1h at RT; followed by 95% EtOH for 1h at RT; then in 100% EtOH 3 times for 20 minutes each at RT; then in xylene 3 times for 20 minutes each at RT; and finally in a 1:1 ratio of paraffin/xylene for 1.5h at 60°C; then paraffin for 45 min. at 60°C with vacuum; and finally paraffin for 45 mins with vacuum again. Tissue were then sectioned in 8--12 μm sections using Motorized Rotary Microtome (Leica), mounted on glass slides and stored in 4°C.

In situ hybridization (ISH) for frozen sections {#sec022}
-----------------------------------------------

In situ hybridization on frozen sections was performed using 5' DIG-labeled LNA probes (Exiqon) for miRNAs according to published protocols\[[@pgen.1005238.ref023],[@pgen.1005238.ref074],[@pgen.1005238.ref075]\]. Briefly, tissue slides were first warmed and then washed with DEPC-treated 1X PBS 3 times for 3 minutes each, followed by acetylating in 100mM triethanolamine buffer plus 0.25% of acetic anhydride for 10 minutes, permeabilized in PBST (1X PBS plus 0.1% Triton X-100 in DEPC-treated water) for 30 minutes, and washed 3 times for 5 minutes each at RT in 1X PBS. After pre-hybridization (50% formamide, 10mM Tris-HCl pH8.0, 600mM NaCl, 1X Denhardt's solution, 200μg/mL tRNA, 1mM EDTA, 0.25% SDS, 10% dextran sulfate) at RT for 2 hrs, hybridization was carried out at 50°C overnight in the same hybridization buffer containing 25nM of miR-29c (TAGCACCATTTGAAATCGGTTA) or miR-29a (TAGCACCATCTGAAATCGGTTA) and miR-29b (TAGCACCATTTGAAATCAGTGTT) DIG-labeled LNA probes. Then, slides were sequentially washed with SSC (2X, 1X, 0.2X) at 50°C for 30 min. followed by 0.2X SSC for 5 minutes at RT, and finally 1X PBS for 5 minutes at RT. Slides were then incubated in blocking solution (TTBS, 0.05M Tris, pH 7.5, 0.15M NaCl, 0.1% Tween-20, plus 5% sheep serum) and incubated with Anti-Digoxigenin-AP, Fab fragments (1:500, Roche, Cat.\#11093274910) overnight at 4°C. After washing in TTBS 3 times for 10 minutes each, signals were developed using BM purple (Roche, Cat.\# 11442074001).

Immunofluorescence (IF) and immunohistochemistry (IHC) {#sec023}
------------------------------------------------------

For IHC, frozen sections were washed with 1X PBS three times followed by incubating with 0.3% H~2~O~2~/0.3% horse serum in 1X PBS for 5 minutes at RT. Then, slides were washed in TNT buffer (0.1M Tris pH 7.5, 0.15M NaCl, 0.05% Tween-20) 3 times. Slides were then blocked one hour with TNB buffer (0.1M Tris pH 7.5, 0.15M NaCl, 0.5% blocking reagent) at RT, followed by incubation with primary antibody (COL1A1, Rockland, 1:1000) diluted in TNB buffer overnight at 4°C. Slides were then washed with TNT buffer 3 times, incubated with Horseradish peroxidase (HRP) conjugated secondary antibodies (Life Technologies) for 2 hours at RT, signals were developed by using the DAB staining kit (Vector Laboratories, Cat.\# SK-4100). For IF staining, frozen sections were washed in PBS, and then blocked by 5% donkey serum in PBST for one hour at RT, followed by incubation with primary antibodies (α-SMA, 1:3000; COL1A1, Rockland, 1:1000; KLF4, Cell Signaling Technology, 1:50; FBXO32, 1:100, ECM Bioscience; PDGFRB, 1:50, Cell Signaling Technology) overnight at 4°C. Alexa Fluor 488 or 568-conjugated secondary antibodies (Donkey anti-Mouse IgG, or Donkey anti-Rabbit IgG or Donkey anti-Goat IgG; Life Technologies, 1:250 dilution) were used for the visualization of signals. Nikon DS Ri1 and SPOT software were used for the image acquisition and analysis.

Statistical analysis {#sec024}
--------------------

For quantitative analyses including qRT-PCR of miRNA or mRNAs, 3'UTR luciferase, results from three or four independent experiments were subjected to 2-tailed, unpaired Student's t test. RNA samples from two independent experiments were subjected for NGS of small RNAs. Data are presented as the mean ± SEM, P \< 0.05 was considered significant.

Study approval {#sec025}
--------------

All animal studies were carried out with the approval of the Institutional Animal Care and Use Committee (IACUC) in both the Boston University Medical Campus and Columbia University Medical Campus. Mice were housed in the Laboratory Animal Science Center (LASC), an approved animal facility, and received regular veterinary care and husbandry.

Supporting Information {#sec026}
======================

###### Levels of COL1A1, α-SMA and KLF4 are not significantly altered in SMCs of dorsal aorta.

**(A)** in situ hybridization of miR-29c in dorsal aorta of adult mouse, followed by IF staining of α-SMA**(B). (C&D)** COL1A1 IF staining of WT and miR-29 DKO aortic walls. **(E&F)** Double IF staining of KLF4 and α-SMA in the aortic walls of WT and miR-29 DKO mice. Scale bar: 10 μM.

(TIF)

###### 

Click here for additional data file.

###### Levels of COL1A1, α-SMA and KLF4 are not significantly altered in airway SMCs of miR-29 DKO lungs.

**(A&B)** Upregulation of COL1A1 in distal vessel walls were observed (white arrow) in DKO lungs, while levels of COL1A1 of airway SMCs is not significantly altered (yellow arrow). **(C&D)** Levels of α-SMA and KLF4 in airway SMCs are not significantly changed in DKO lungs (yellow arrow). Scale bar: 50μM.

(TIF)

###### 

Click here for additional data file.

###### Upregulation of miR-29 expression during postnatal lung development.

Levels of miR-29 a/b/c in RNA samples of mouse lungs at different stages of postnatal development (qRT-PCR, n = 3). P\<0.05 for all comparisons of E19 vs PND14, or E19 vs PND21 or E19 vs Adult.

(TIF)

###### 

Click here for additional data file.

###### No significant upregulation of FBXO32 in airway SMCs and vSMCs of large proximal vessels.

**(A&B)** Double IF staining of FBXO32 (red) and α-SMA (green) in WT control and miR-29 DKO lungs. vSMCs of large proximal vessels (white arrow), and airway SMCs (yellow arrow). Scale bar: 100μM

(TIF)

###### 

Click here for additional data file.

###### miR-29 DKO mice develop smaller hearts.

**A)** Hearts of miR-29 DKO and WT littermates at age four weeks were fixed overnight in 4% paraformaldehyde, paraffin-embedded, sectioned, and stained with H&E. **B)** HW, heart weight; LV, left ventricular weight; RV, right ventricular weight; TL, Tibial length were determined (n = 6 for each group), \*P\<0.05. **C)** HW, heart weight and BW, body weight were determined (n = 6 for each group), NS, no significant difference.

(TIF)

###### 

Click here for additional data file.

###### Smooth muscle related genes reduced in miR-29 knockdown IMR-90 cells.

(TIF)

###### 

Click here for additional data file.

###### List of top ten most abundant miRNAs in adult mouse lungs.

(TIF)

###### 

Click here for additional data file.
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